Surface charges of proteins have in several cases been found to function as "structural gatekeepers," which avoid unwanted interactions by negative design, for example, in the control of protein aggregation and binding. The question is then if side-chain charges, due to their desolvation penalties, play a corresponding role in protein folding by avoiding competing, misfolded traps? To find out, we removed all 32 side-chain charges from the 101-residue protein S6 from Thermus thermophilus. The results show that the chargedepleted S6 variant not only retains its native structure and cooperative folding transition, but folds also faster than the wild-type protein. In addition, charge removal unleashes pronounced aggregation on longer timescales. S6 provides thus an example where the bias toward native contacts of a naturally evolved protein sequence is independent of charges, and point at a fundamental difference in the codes for folding and intermolecular interaction: specificity in folding is governed primarily by hydrophobic packing and hydrogen bonding, whereas solubility and binding relies critically on the interplay of side-chain charges.
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folding cooperativity | protein aggregation | protein charges | protein engineering | protein folding P rotein folding is not only about optimizing the native state, but is also about avoiding misfolded traps (1) (2) (3) (4) (5) . Such traps would otherwise compete thermodynamically with the native structures and decrease protein stability. Misfolded states that fail to properly bury "sticky" sequence material are also undesired because of their coupling to protein-aggregation disease (6) (7) (8) (9) . The general idea is that, to avoid misfolding, natural proteins have cooperative folding transitions with strong bias toward native interactions (10-13): they fold as if they were blind to alternative conformations. A clue to how this "Go-like" behavior arises is hinted by the ribosomal protein S6 (14) . In essence, the S6 sequence is found to comprise certain "gatekeeper" residues (5) that block competing misfolded states by negative design (15) , biasing the folding-energy landscape toward native interactions (5, 12) . Mutation of these folding gatekeepers increases the propensity for S6 to misfold prior to the global folding transition in stopped-flow experiments. The phenomenon is most clearly seen in the presence of Na 2 SO 4 where the mutations induce a pronounced retardation of the refolding kinetics and characteristic roll-overs in the refolding limbs of the chevron plots (5) . Notably, the chemical identity of the folding gatekeepers of S6 is not uniform but includes the buried V85, the solvent exposed E22, as well as the strain-relieving mutation A35G. The reason for this chemical diversity, as well as the detailed action of the gatekeepers, is yet not known. From a chemical standpoint it is nevertheless expected that the ubiquitous surface charges of globular proteins (16) would play a general role in negative design by their intrinsic desolvation penalties; i.e., misfolding that leads to burial of unmatched charges is strongly disfavored (17) . Moreover, the evolutionary freedom of using surface charges to block misfolding is comparatively large as their effect on native-state stability is often small. Consistently, surface charges are naturally employed to prevent unwanted association of folded proteins (18) (19) (20) (21) and play a key role in solubility of denatured states (22) . This class of side chains, which we term "aggregation gatekeepers" (20) , need not have any influence on folding and stability (20) but decorate as a rule β-sheet edges in crystal structures (21) . In addition to the folding gatekeepers, S6 contains two pairs of such charged aggregation gatekeepers in β-strand 2: their removal triggers transient coil aggregation, native-state tetramerization, and fibrillation on longer timescales (20) .
In this study, we examine at more general level the role of sidechain charges in protein folding and aggregation by removing them completely. S6 is normally rich in charges and carries 16 negatively and 16 positively charged side chains, comprising 32% of its sequence content. By a combination of protein engineering and lowered pH we produced a protein that is altogether noncharged, save the positive N-terminal (S6 þ1 ). The results show that complete charge removal, if anything, favors the folding process: S6 þ1 not only maintains a classically v-shaped chevron plot, but also folds faster than the wild-type protein. On longer timescales, however, the protein starts to aggregate, both with native and denatured S6 þ1 as starting material. Our conjecture from these data is that the profusion of charges scattered in the sequences of natural proteins are not required for folding per se, but play their major role in solubility, recognition, and biological function.
Results
Design of a Charge-free Protein. Charge removal was done in two steps (Fig. 1) . First, all K and R side chains in wild-type S6 expressed in soluble form with good yields in Escherichia coli, showing that the bacterial transcription machinery has no problems with handling extreme, uniform charge. Second, the remaining negatively charged D and E moieties were neutralized by protonation at pH 2.3 to obtain the charge-depleted variant S6 þ1 , containing only one positive charge at the N-terminal. S6 is particularly well suited for this approach as the native-state pK A shifts are relatively modest and the protein is fully protonated and still folded at pH 2.3 (Fig. S1 ). To probe for protonation of the backbone carbonyls, we examined S6 þ1 stability by transient unfolding down to pH 0.3. The results indicate that S6 þ1 carries solely its N-terminal charge between pH 1 and pH 3 (Fig. S1 ). We also attempted to produce S6 þ1 directly by the global substitutions K and R to S, D to N and E to Q, but this construct failed to express.
Charge-depleted S6 Maintains Native-like Solution Structure. Wildtype S6 þ17−17 has a fixed, tertiary-ordered structure in solution, which is indistinguishable from that in crystals (23) . In this study, we see that S6 retains this ordered structure, as well as a cooperative folding transition, in its supercharged state S6 þ1−17 . The NMR HSQC spectrum of S6 þ1−17 at pH 6.3 and 100 mM NaCl reveals well-dispersed cross-peaks similar, but not identical to, those of wild-type S6 þ17−17 (Fig. 2) . The observed difference between the S6 þ1−17 and S6 þ17−17 spectra, however, is expected since the proteins have only 84% sequence identity. Backbone assignment was obtained unambiguously for 84 of the 101 residues of S6 þ1−17 . The missing assignments are mainly scattered throughout the protein but leads to short gaps at positions 40-43 and 59-63 in the sequence. We attribute the missing assignments to spectral overlap and exchange broadening, consistent with higher than average dynamic motions in the affected regions of the wild-type S6 þ17−17 structure (24). Even so, C α − C β secondary-chemical-shift analysis indicate that the secondary-structure elements remain wild-type like at all positions where the assignments of S6 þ17−17 and S6 þ1−17 overlap (Fig. S2 ). To further examine the conservation of secondary structure we plotted the secondary chemical shifts of wild-type S6 þ17−17 versus those of S6 þ1−17 (Fig. S2) . The results yield a linear correlation of r ¼ 0.95, which closely resembles that between wild-type S6 þ17−17 and the structurally ordered permutant S6 54−55 (23, 24) (Fig. S2) , and supports the conclusion that K and R removal does not significantly alter the S6 structure. Neutralization of the remaining 17 negative charges at low pH (Table 1) is then unlikely to have any further structural effects: if anything, the complete alleviation of electrostatic repulsion within the S6 þ1 molecule is expected to be beneficial. Consistently, the charge-depleted S6 þ1 structure yields highly dispersed HSQC spectra under carefully tuned conditions at pH 1 ( Fig. 2) , indicating a homogeneous, tertiaryordered population. However, the disappearance of signal due to aggregation on longer timescale has so far precluded detailed structural assignment of the charge-depleted protein.
Charges are not Required for Cooperative Folding of S6. Folding of S6 is a two-state process with two competing pathways, the bias between which can be altered by circular permutation (24, 25) (Fig. S3 ). Wild-type S6 þ17−17 employs mainly one of these pathways (26) , manifested in a v-shaped chevron plot characteristic of a cooperative transition between the denatured (D) and native (N) states over a single transition-state ( ‡) (25) (26) (27) where k f and k u are the refolding-and unfolding-rate constants, and k down is the kinetic prefactor; i.e., the rate constant for jumping down the barrier (28) . The intersect of log k f and log k u in the S6 þ17−17 chevron plot gives a transition midpoint (MP) at 3.4 M GdmCl and an extrapolated stability of ΔG (Fig. 3 , Eq. 4, Table 1 ). Upon mutational removal of all positively charged side chains, the transition midpoint decreases to 1.7 M GdmCl (Fig. 3 , Table 1 ) and the chevron changes yield a global ϕ-value of 0.20; i.e., the mutation to S6 þ1−17 has the largest impact on log k u [Eq. 5]. This means that global removal of alkaline residues destabilizes N more that than ‡. Considering the high ionic strength under the experimental conditions; i.e., ½GdmCl > 0.4 M, this destabilization is not dominated by long-range electrostatic repulsion but seems rather to arise from mutant-induced contact losses and/or changes in solvent interactions. At low ionic strength with added charge-charge repulsion the destabilization of S6 þ1−17 becomes even larger, leading to mixed populations of D and N (Fig. S4) . Finally, to obtain the folding kinetics of the charge-depleted species S6 þ1 , we adjusted the refolding-and unfolding buffers to pH 2.3, to assure full protonation of the acidic side chains in the reaction chamber of the stopped-flow apparatus. Two notable features are revealed. First, the charge-depleted protein maintains a v-shaped chevron plot and apparent two-state behavior in the absence of side-chain charges. Second, charge depletion increases both k
: at the transition midpoint S6 þ1 folds about 300 times faster than wild-type S6 þ17−17 ( Fig. 3 , Table 1 ). The corresponding data for wild-type S6 at pH 2.3 are shown in Fig. S5 . As the acceleration upon charge depletion is not accompanied by a correspondingly large change in protein stability (Fig. 4, Table 1 ), it seems to arise from either a selective stabilisation of the transition-state ensemble ( ‡) or an increase of the folding prefactor; i.e., k down in Scheme 1 (10, 28) . The chevron plots of S6 þ1−17 and S6 þ1 reveal also slight reductions of m f and m u [Eqs. [2] [3] and S6 þ1−17 displays a small downward curvature at high [GdmCl] (Fig. 3) . Similar m-value changes and curvatures are seen upon point mutation of the wild-type and circularly permuted S6 (29) , and are generally attributed to transition-state shifts (30) (Fig. 4, Fig. S3 ) or ground-state fraying (27) . In the present study, however, it is also possible that the m-value changes stem from alterations of the protein's interaction with the solvent/denaturant molecules or changes of the compactness of the denatured ensemble as described below (Fig. 4) . Fig. 2 . NMR HSQC spectra of the different charge variants of S6. All spectra show wild-type like dispersion, suggesting that the supercharged S6 þ1−17 and the charge-depleted S6 þ1 maintain fixed, three-dimensional structures. Additional NMR evidence for conserved structure of S6 þ1−17 is presented in Fig. S2 , whereas detailed structural analysis of S6 þ1 has so far been precluded by aggregation on longer timescales (cf. Fig. 5) . Elimination of 33 charges represents, after all, a considerable change of the chemical properties of the polypeptide chain. Even so, it is clear that the charge depletion of S6 has little effect on the principal features of the folding process, if anything the protein seems to fold faster without charges.
Charge-Depletion Affects Collapse Propensity. To determine how charge removal affects the misfolding propensity, we measured and compared the refolding kinetics of S6 þ17−17 , S6 þ1−17 , and S6
þ1 at increasing concentrations of Na 2 SO 4 . Titration with stabilizing SO 2− 4 ions has previously been found to induce misfolding of S6, accompanied by a characteristic retardation of k f (5). The rationale behind this experiment is that titration with cosmotropic SO 2− 4 ions gradually increases the contact free energies to a point where misfolding start to retard k f (5); i.e., the frustration in the folding-energy landscape is increased to promote nonnative collapse (12, 31) . A minimalist model for such a collapse is shown in Scheme 2, where I Ã is a competing, misfolded state and k f c denotes tentatively an alternative folding route to the native state (5). To assure suitable windows for the refolding kinetics the experiments were performed at a background of 0.4 and 1.6 M GdmCl (Fig. 3) . At 0.4 M GdmCl, k f of S6 þ17−17 first increases as ‡ is stabilized relative to D by a "reversed" denaturant effect (Fig. 3) ; i.e., the SO 2− 4 ions favor compact states by being preferentially excluded from the protein's hydration shell. Then, around 0.2 M Na 2 SO 4 , k f starts to decrease as misfolding commence (Fig. 3) . In an earlier study, we ascribed this misfolding to premature collapse of the coil in the mixing dead time (5), which can slow down folding by either ground-state stabilization or retardation of the diffusive motions. Consistently, the maximum of k f shifts to higher [Na 2 SO 4 ] under better solvent conditions at 1.6 M GdmCl (Fig. 3) . A similar shift of the k f maximum is observed for the supercharged S6 þ1−17 ( Fig. 3) , indicating that the increased negative charge suppresses coil collapse, cf. (32) . The very opposite effect is observed for S6 þ1 : complete charge removal increases slightly the misfolding propensity (Fig. 3) . Despite this tendency, the role of charges in smoothening the folding funnel seems overall marginal as this increased collapse propensity does not compromise folding in the absence of Na 2 SO 4 , (12).
The Compact Detour. From the S6 þ1 data in Fig. 3 , it is evident that log k f does not continue to decrease with increasing [Na 2 SO 4 ] but levels off and describes a slight positive slope above 0.8 M Na 2 SO 4 . A corresponding change of log k f is seen upon lowering the GdmCl concentration at a background of 1.0 M Na 2 SO 4 (Fig. S6) . For simplicity, we denote this new phase k f c (Scheme 2). The phenomenon has previously been assigned to a change of rate-limiting step: when the free-energy difference between the collapsed state and the normal ‡ reaches a critical value, folding switches to a parallel pathway (5) . Since the denaturant and Na 2 SO 4 dependencies of log k f c are very much weaker than for log k f , this parallel pathway was suggested to show reconfigurations between collapsed species of similar solvent accessible surface area-a SO 2− 4 -induced detour through compact regions of the conformational space (5) . In this study, we observe further that the change of rate-limiting step is coupled to the emergence of several slower refolding phases (Fig. S7) . One possibility is that these phases describe the onset of transient aggregation occurring in parallel with the coil collapse, as observed upon removal of the charged aggregation gatekeepers in β2 (20) , or stem from a more complex partitioning of trapped species under high misfolding pressure. In keeping with the recent discussion of downhill folding (33, 34) , the complex time course of k f c could also reflect a change to stretched-exponential behavior arising from barrierless reconfigurations in an increasingly rugged landscape. The collapse transition would then break down the delicate imbalance between entropy and contact free energy that shape the barrier, promoting noncooperative downhill folding.
Charges are Critical for Solubility on Longer Timescales. Wild-type S6 þ17−17 and supercharged S6 þ1−17 display no tendency to aggregate in this study, not even in the presence of Na 2 SO 4 . The proteins lack characteristic aggregation phases on longer time courses in the stopped-flow mixing experiments and the equilibrated starting-and end-material remain soluble for weeks. Nevertheless, the protein begins typically to precipitate at protein concentrations above a few μM upon acidification of S6 þ1−17 to obtain S6 þ1 and is easily detected by centrifugation (Fig. 5) . Aggregation of charge-depleted S6 þ1 is also clear to the eye in cuvettes, both in the absence and presence of [GdmCl] (Fig. 5 ). The latter observation shows that both the folded-and denatured-states of S6 lose solubility without side-chain charges, even at high concentrations of denaturant. Due to the relatively slow time course of the S6 þ1 aggregation, however, it commences after refolding and unfolding has been completed in stopped-flow experiments: aggregation under typical refolding and unfolding conditions occurs on a timescale that is >10 times slower than the folding transitions (Fig. 3) . Moreover, transient coil aggregation during refolding, which is initiated by truncation of charged aggregation gatekeepers in β2 (20) , is expected to have marginal impact on folding data at 1 μM protein concentration (20) . Consistently, charge-depleted S6 þ1 displays an archetypically v-shaped chevron plot without observable distortion from competing aggregation processes (Fig. 3) .
Discussion
The data in this study demonstrate that the native structure and folding behavior of S6 does not rely on the presence of side-chain charges: the protein displays a swift and cooperative folding transition both with and without side-chain charges (Figs. 2-3) . The result concurs with the earlier conclusion by Loladze and Makhatadze that surface charge-charge interactions are not essential for protein folding, based on thermodynamic analysis of chemically charge-depleted ubiqutin (35) . Judging by the accelerated folding kinetics of S6 þ1 (Fig. 3) , it can even be said that charges are a burden to protein folding. The origin of this acceleration, however, is not yet clear. One possibility is that side-chain charges restrict the protein's reconfigurations or ability to collapse (36) by the way they interact with the solvent. Along this line, elimination of charges could speed up folding by increasing the degree of unspecific hydrophobic contacts in the transition-state ensemble, as observed for the α-spectrin SH3 domain upon Tyr-Phe Scheme 1. 
exchange (37, 38) . Although the explanation seems perfectly consistent with the increased collapse propensity of S6 þ1 in Na 2 SO 4 assays, the window for this acceleration is then rather narrow: as soon as the collapse continues into the glassy regime folding will seize up by increased internal friction, as implicated by the rollover above ≈0.3 M Na 2 SO 4 (Fig. 3) . Even so, the overall limited influence of charge on S6 folding is remarkable considering that the protein functions in a thermophilic bacterium where high charge content is generally believed to reflect an optimization to high thermal stability (39) (40) (41) . The principal role of the S6 charges seems rather to be in solubility. As opposed to folding, protein solubility and intermolecular interactions are found to depend critically on charge. In the case of S6, elimination of edge-strand charges promotes the assembly of nonnative tetramers (20) and, in other systems, the introduction of edge-strand charges have reversely been observed to break up aggregates into monomeric beta-sheet proteins (42) . Moreover, the rates of aggregation of unfolded proteins and polypeptides show generally a distinct dependence on charge content (22) , and reduction of a protein's net negative charge by merely one unit is sufficient for triggering fatal neurodegenerative disease (43) . These observations go hand-in-hand with the general idea that charges enhance interaction specificity, not primarily by attraction, but because of large penalties for unmatched burial (17, 44, 45) . In this context it is interesting to note that the S6 charges do a better job to prevent aggregation than high concentrations of denaturant (Fig. 5) . Surveys of structural data banks shows consistently that lysine, which is the most abundant residue on protein surfaces (46) , is the most underrepresented amino acid at interfaces between proteins in functional complexes (47, 48) . To this end there are also numerous examples where surface charges control protein interactions in a more attractive way; e.g., in protein-protein recognition (49, 50) , in binding to membranes (51) and binding of metal ions (52) . As a first approximation, we distinguish these charge-controlled interactions, including solubility and spatial organization, as "functional," since they orchestrate the biological function of the elementary folding units. With this distinction, the ability of S6 to fold without charges raises the question if there is a principal division of amino-acid use in the self-organization of proteins: folding can evidently be driven by hydrophobicity and hydrogen bonding alone, whereas function and intermolecular organization tend to rely critically on the interplay of charges. An advantage of such a separation of "driving forces" could be that, in its pure form, it biases folding and function from being intermingled; i.e., folding and function have chemical space to evolve independently. It is nevertheless inevitable that charges will still have a pronounced influence on their protein scaffolds, be it through favorable ion pairing or as a side effect of conflicting, functional optimization (49) . In some cases, charges control even the structural order of entire protein domains. An intriguing example is the "dome-like" active-site envelope of Cu/Zn superoxide dismutase, which is built almost exclusively by polar and charged side chains, pulled together at its center by a single Zn 2þ ion (53, 54) . The metal ion seems here to substitute for a local hydrophobic core and creates effectively a functional subdomain that structures separately and does not interfere with the folding of the Of particular interest is that complete charge removal even speeds-up folding: at the transition midpoint S6 þ1 folds >300 times faster than wild-type S6 þ17−17 . B. Na 2 SO 4 titration of the refolding reaction at 0.4 M GdmCl shows that the propensity of the coil to undergo premature collapse in the mixing dead-time slightly increases upon removal of all positively charged side chains. C. At 1.6 M GdmCl, it is seen that charge-depleted S6 þ1 has the highest collapse propensity of the three proteins and also displays a change of rate-limiting step at high [Na 2 SO 4 ] (log k f c ). The origin of this change could be the population of an alternative, parallel, folding route to the native state according to Scheme 2. Fig. 4 . Folding free-energy profiles of wild-type S6 þ17−17 (blue), supercharged S6 þ1−17 (red), and charge-depleted S6 þ1 (black). Barrier heights were calculated from k f and a prefactor of 10 6 s −1 (28) . Charge removal leads to faster folding kinetics and an apparent stabilization of the transition-state ensemble ( ‡), whereas the native state is destabilized. The positions of D, ‡ and N along the progress coordinate have been scaled according to the m-values in Table 1 and normalized to N. Scheme 2.
main hydrophobic core (55) . This split architecture and folding behavior of superoxide dismutase lends further support to the conjecture of an underlying, chemical bias in codes for folding and function of proteins. A clue to the question "why are proteins charged" (16) could then be: not for folding of the basic structural domains.
Materials
Mutagenisis, Expression, and Purification. S6 þ1−17 gene synthesis, codon optimization for overexpression in E. coli, subcloning into a pET-3a vector using 5′ Nde1 and 3′ BamH1 restriction sites, and construct sequencing were performed by GenScript. Transformation into E. coli BL21 (DE3) cells was by standard heat-shock procedures. Expression and purification were as previously described for wild-type S6 þ17−17 (27) , whereas the supercharged S6 þ1−17 required a modified purification protocol (Supporting Information Data Analysis and Methods. Mutagenesis, expression, and purification of S6 þ1−17 .). Purity was analyzed by Ready Gel SDS-PAGE system (Bio-Rad) and electrospray ionization mass spectrometry and Edman degradation performed by the Protein Analysis Center (Karolinska Institute). Edman degradation showed that S6 þ1−17 lacks the N-terminal methione present in wild-type S6 þ17−17 .
NMR Spectroscopy. HSQC NMR data were obtained at 25°C with protein concentrations ranging from 30 (pH 1) to 500 μM (pH 6.3, 100 mM NaCl), on a Bruker 700 MHz spectrometer (Bruker Avance) equipped with a cryogenically cooled triple resonance probe. Backbone assignment was obtained from a set of standard 15 Kinetic Measurements. Refolding and unfolding kinetics were monitored at 25°C with PiStar-180 and SX.18-MV stopped-flow fluorimeters (Applied Photophysics). Excitation was at 280 nm and emission was collected with a 320 nm long-pass filter. Protein concentration after mixing was 1 μM. Buffers were: 50 mM Mes (Sigma-Aldrich) at pH 6.3; 50 mM formate at pH 3.5-4.5 (Scharlau), and at pH ≤ 3.0, the concentration of HCl corresponding to the pH. Between pH 1.3 and pH 3.0, NaCl (VWR) was added to achieve a final ionic strength of 50 mM unless otherwise stated. Ultrapure guanidinium hydrochloride (AppliChem) and proanalysi Na 2 SO 4 (Merck) were used in the denaturation experiments.
Two-state Assumption and Fitting of Chevron Data. Following standard protocols (56), S6 was assumed to display two-state folding between the denatured (D) and native (N) states (27, 56, 57) , Fig. 5 . Charge depletion leads to S6 aggregation. A. The three charge variants of S6 were incubated at 11 μM protein concentration for 48 h and then centrifuged at 17;000 × g for 2 h. SDS-PAGE gels show that wild-type S6 þ17−17 and supercharged S6 þ1−17 remain soluble in the supernatant, whereas the charge-depleted S6 þ1 aggregates go into the pellet. The different densities of the bands are due to weakened interaction between the SYPRO Orange stain and the supercharged S6 þ1−17 . During the electrophoresis at pH 6.8, charge-depleted S6 deprotonates and becomes supercharged S6 þ1−17 . B. Photograph of S6 samples showing aggregation as increased scatter upon flash illumination. Charge-depleted S6 þ1 aggregates both in its folded and unfolded states at high concentration of denaturant.
